19 Prokaryotic Argonaute proteins (pAgos) constitute a diverse group of endonucleases of which 20 some mediate host defense by utilizing small interfering DNA guides (siDNA) to cleave 21 complementary invading DNA. This activity can be repurposed for programmable DNA cleavage. 22 However, currently characterized DNA-cleaving pAgos require elevated temperatures (≥65°C) for 23 their activity, making them less suitable for applications that require moderate temperatures, 24 such as genome editing. Here we report the functional and structural characterization of the 25 siDNA-guided DNA-targeting pAgo from the mesophilic bacterium Clostridium butyricum 26 (CbAgo). CbAgo displays a preference for siDNAs that have a deoxyadenosine at the 5'-end and 27 thymidines in the sub-seed segment (siDNA nucleotides 2-4). Furthermore, CbAgo mediates 28 DNA-guided DNA cleavage of AT-rich double stranded DNA at moderate temperatures (37°C).
Single stranded Activity assays: 141 Unless stated otherwise 5 pmoles of each CbAgo, siDNA and target were mixed in a ratio of 1:1:1, in 2x 142 reaction buffer containing 20 mM Tris-HCl (pH 7.5) supplemented with 500 µM MnCl 2+ . The target was 143 added after the CbAgo and siDNA had been incubation for 15 min at 37°C. Then the complete reaction 144 mixture was incubated for 1 hour at 37°C. The reaction was terminated by adding 2x RNA loading dye 145 (95% Formamide, 0.025% bromophenol blue, 5 mM ETDA) and heating it for 5 minutes at 95°C. After 146 6 this the samples were resolved on a 20% denaturing (7 M Urea) polyacrylamide gel. The gel was stained 147 with SYBR gold nucleic acid stain (Invitrogen) and imaged using a G:BOX Chemi imager (Syngene).
149
Double stranded Activity assay 150 In two half reactions 12.5 pmoles of CbAgo was loaded with either 12.5pmoles of forward or reverse 151 siDNA in reaction buffer containing 10 mM Tris-HCl, 10 µg/ml BSA, 250 µM MnCl2. The half reactions 152 were incubated for 15 min at 37°C. Next, both half reactions were mixed together and 120 ng target The RNAs with amine-modification (amino-modifier C6-U phosphoramidite, 10-3039, Glen Research) 200 were purchased from STPharm (South Korea) and DNAs with amine-modification (internal amino 201 modifier iAmMC6T) Ella biotech (Germany). The guide and target strands were labeled with donor (Cy3) 202 and acceptor (Cy5), respectively, using the NHS-ester form of Cy dyes (GE Healthcare). 2012).1 µL of 203 1 mM of DNA/RNA dissolved in MilliQ H20 is added to 5 µL labeling buffer of (freshly prepared) 204 sodiumtetraborate (380 mg/10mL, pH 8.5). 1 µL of 20 mM dye (1 mg in 56 µL DMSO) is added and 205 8 incubated overnight at room temperature in the dark, followed by washing and ethanol precipitation. The 206 labeling efficiency was ~100%.
207

Single-molecule sample preparation 208
A microfluidic chamber was incubated with 20 µL Streptavidin (0.1 mg/mL, Sigma) for 30 sec. Unbound
209
Streptavidin was washed with 100 µL of buffer T50 (10 mM Tris-HCl [pH8.0], 50 mM NaCl buffer). The 210 fifty microliters of 50 pM acceptor-labelled target construct were introduced into the chamber and 211 incubated for 1 min. Unbound labeled constructs were washed with 100 µL of buffer T50. The CbAgo 212 binary complex was formed by incubating 10 nM purified CbAgo with 1 nM of donor-labeled guide in a 213 buffer containing 50 mM Tris-HCl [pH 8.0] (Ambion), 1mM MnCl2, and 100 mM NaCl (Ambion) at 37°C 214 for 20 min. For binding rate (kon) measurements, the binary complex was introduced into the fluidics 215 chamber using syringe during the measurement. The experiments were performed at the room 216 temperature (23 ± 1°C).
217
For fluorescence Guide Loading Experiments before immobilizing CbAgo on the single-molecule 218 surface, 1 µL of 5 µM His-tagged apo-CbAgo was incubated with 1 µL of 1 µg/ml biotinylated anti-6x His 219 antibody (Abcam) for 10 min. Afterward, the mixture was diluted 500x in T50 and 50 µL were loaded in 220 the microfluidic channel for 30 s incubation, followed by washing with 100 µL of T50 buffer. Cy3-labeled 221 ssDNA (0.1 ) was applied to the microfluidic chamber in imaging buffer (50 mM Tris-HCl pH 8.0, 100 222 mM NaCl, 1 mM MnCl2, 1 mM Trolox ((±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid), 223 supplemented with an oxygen-scavenging system (0.5 mg/mL glucose oxidase (Sigma), 85 mg/mL 224 catalase (Merck), and 0.8% (v/v) glucose (Sigma)). The binding rate (kon) was determined by first measuring the time between when CbAgo binary complex 231 was introduced to a microfluidic chamber and when the first CbAgo-guide docked to a target; and then 232 fitting the time distribution with a single-exponential growth curve, (1 − − ). The dissociation rate 
Results
265
CbAgo mediates siDNA-guided ssDNA cleavage 266 CbAgo was successfully expressed in E. coli from a codon-optimized gene using a T7-based pET Figure 1C ). This results 277 suggests that CbAgo utilizes siDNA rather than siRNA as a guide.
278
CbAgo is phylogenetically closest related to the clade of halobacterial pAgos, among which also 279 pAgo from Natronobacterium gregoryi (NgAgo) can be found ( Figure 1D and Supplementary Figure S2 ).
280
A multiple sequence alignment of CbAgo with other pAgos (Supplementary Figure S1B) RNAs were used, CbAgo was able to cleave target DNAs in a siDNA-dependent manner ( Figure 1E ). In CbAgo functions as a multi-turnover nuclease enzyme, its steady-state rate is limited by product release. Figure S3 ). To test whether the interactions with the 5'-phosphate group of the 341 siDNA are important for CbAgo activity, we performed target DNA cleavage assays in which we used 342 siDNAs with a 5' phosphate or a 5' hydroxyl group (Supplementary Figure S4) . As observed for other 343 pAgos 33,34 , CbAgo is able to utilize both siDNAs for target DNA cleavage, but it cleaves target DNA 344 much more efficiently when the siDNA contains a 5'-phosphate group. This is in agreement with the characterized to date cleave the target strand in between nucleotide 10 and 11 of the target strand. In 365 line with the consensus, the catalytic residues of CbAgo perfectly align with the scissile phosphate 366 linking these nucleotides in our structure ( Figure 2D ). This observation implies that this structure 367 represents the cleavage competent conformation of CbAgo. 368 Only 15 siDNA-target DNA base pairs are formed in the complex, which suggests that 369 additional siDNA-target DNA binding is not essential for target DNA cleavage. To determine the 370 minimum siDNA length that CbAgo requires for target binding, we performed single-molecule 371 fluorescence assays. First, CbAgo was immobilized on a surface and next it was incubated with 5'-372 phosphorylated Cy3-labelled siDNAs ( Figure 2E ). These assays demonstrate that CbAgo can bind 373 siDNAs with a minimal length of 12 nucleotides. Next, we determined the minimum siDNA length for CbAgo was incubated with siDNA and target DNA in a 1:1:1 ratio. Cleavage products were analysed by denaturing 397 polyacrylamide electrophoresis.
399
CbAgo associates with plasmid-derived siDNAs in vivo 400 It has previously been demonstrated that certain pAgos co-purify with their guides and/or targets during 401 heterologous expression in Escherichia coli 13, 16 . To determine whether CbAgo also acquires siDNAs 402 during expression, we isolated and analyzed the nucleic acid fraction that co-purified with CbAgo. 403 Denaturing polyacrylamide gel electrophoresis revealed that CbAgo co-purified with small nucleotides 404 with a length of ~12-19 nucleotides ( Figure 3A) . These nucleic acids were susceptible to DNase I but 405 not to RNase A treatment, indicating that CbAgo acquires 12-19 nucleotide long siDNAs in vivo, which 406 fits with its observed binding and cleavage activities in vitro (Figure 1 and 2) . 407 We cloned and sequenced the siDNAs that co-purified with CbAgo to determine their exact Figure S6 ). We also investigated whether CbAgo co-415 purified with nucleic acids that were enriched for certain motifs. Sequence analysis revealed that most 416 siDNAs co-purified with CbAgo contain a deoxyadenosine at their 5' ends ( Figure 3D ). In addition, we 417 observed an enrichment of thymidine nucleotides in the three positions directly downstream of the siDNA 418 5' end (nt 2-4) ( Figure 3D ). Figure 4A) . Surprisingly, the highest cleavage rates were 434 observed when CbAgo was loaded with siDNAs containing a 5'-T, followed by siDNAs containing 5'-A.
435
CbAgo bound 5'-G or 5'-C siDNAs displayed slightly lower initial cleavage rates. Also for other pAgos Phe557 that also caps the siDNA-target DNA duplex ( Supplementary Figure S7) . At present, we are 448 unable to rationalize the preferential co-purification of 5'-adenosine siDNAs with CbAgo. 449 In order to characterize the seed segment of CbAgo, and to test whether the seed length Next, we set out to investigate whether CbAgo displays a preference for siDNAs with a TTT 461 sub-seed (nt 2-4) in vitro, similar to the observed sequence preference for siDNAs that co-purified with 462 CbAgo in vivo. CbAgo was incubated with siDNAs in which the sub-seed was varied and complementary 463 target DNAs were added. In contrast to the 5'-base preference, the TTT sub-seed preference that we 464 observed in vivo is also reflected in vitro: CbAgo displays the highest target cleavage rates when 465 programmed with TTT sub-seed siDNAs ( Figure 4C ). To confirm these findings, we performed single-466 molecule assays in which we compared the target binding properties of CbAgo-siDNA complexes 467 containing siDNAs with either a TTT or an AAA sub-seed segment. These assays demonstrate that the CbAgo loaded with siDNA containing an AAA sub-seed ( Figure 4D ). Combined, these data indicate that open-circular state, possibly by nicking one of the strands, but did not observe significant linearization 500 or degradation of the plasmid DNA ( Figure 5A ). When the plasmid was targeted by CbAgo loaded with 501 a single siDNA, we also observed loss of supercoiling ( Figure 5A ). As this activity was not observed with 502 nuclease-deficient CbAgoDM, we conclude that apo-CbAgo and CbAgo-siDNA complexes are generate 503 nicks in dsDNA plasmid targets with their DEDD catalytic site. When using two CbAgo-siDNA 504 complexes, each targeting one strand of the plasmid, we observed that a fraction of the target plasmid 505 DNA becomes linearized ( Figure 5A ). This implies that CbAgo-siDNA complex-mediated nicking of each 506 of the target plasmid DNA strands resulted in the generation of a double stranded DNA break. Next, we 507 investigated if the spacing between the two siDNAs affects the ability of CbAgo to cleave the plasmid.
508
The most efficient plasmid linearization was achieved when the siDNAs were orientated exactly or 509 almost opposite to each other ( Figure 5A ). with an increasing GC content ( Figure 5B ). CbAgo-siDNA complexes were only able to generate dsDNA 515 in gene fragments with a GC-content of 31% or lower ( Figure 5C ). This indicates that, at least in vitro, 516 the GC-content is an important factor that determines target DNA cleavage by CbAgo. conformational change that first exposes the remainder of the seed (nt 5-8), and eventually the rest of 555 the guide. This facilitates progressive base paring between the guide RNA and the target 48 . However, a 556 specific nucleotide preference in the sub-seed segment, as we have observed for CbAgo, has not been 557 described for any other Argonaute protein. The preference for the T-rich sub-seed is not only observed 558 in the in vivo acquired siDNAs, but also plays a clear role during target binding and cleavage assays in 559 vitro. This may reflect a structural preference for these thymidines in the cleft of the PIWI domain. We
560
have not been able to obtain diffracting crystals of CbAgo in complex with siDNAs that have a 5'-ATTT-561 3' sequence at the 5'-end. Future research will thus be necessary to determine the structural basis the 562 24 apparent preference for these nucleotides at these positions. We hypothesize that this bias might reflect 563 the mesophilic nature of CbAgo, which might have better access to AT-rich dsDNA fragments, both for 564 siDNA acquisition and for target cleavage.
565
Several DNA-targeting pAgos have been repurposed for a range of molecular applications 566 among which a cloning, recombineering and nucleic acid-detection method 22,23,49,50 . Additionally, the 567 potential repurposing of pAgos for genome editing applications has previously been discussed 27 .
568
However, all characterized DNA-cleaving pAgos to date originate from thermophilic prokaryotes and are 569 solely active at elevated temperatures, which limits the potential repurposing of pAgos for applications 
